Abstract The GABAergic neurons in the parafacial zone (PZ) play an important role in sleep-wake regulation and have been identified as part of a sleep-promoting center in the brainstem, but the long-range connections mediating this function remain poorly characterized. Here, we performed whole-brain mapping of both the inputs and outputs of the GABAergic neurons in the PZ of the mouse brain. We used the modified rabies virus EnvA-DG-DsRed combined with a Cre/loxP gene-expression strategy to map the direct monosynaptic inputs to the GABAergic neurons in the PZ, and found that they receive inputs mainly from the hypothalamic area, zona incerta, and parasubthalamic nucleus in the hypothalamus; the substantia nigra, pars reticulata and deep mesencephalic nucleus in the midbrain; and the intermediate reticular nucleus and medial vestibular nucleus (parvocellular part) in the pons and medulla. We also mapped the axonal projections of the PZ GABAergic neurons with adeno-associated virus, and defined the reciprocal connections of the PZ GABAergic neurons with their input and output nuclei. The newlyfound inputs and outputs of the PZ were also listed compared with the literature. This cell-type-specific neuronal whole-brain mapping of the PZ GABAergic neurons may reveal the circuits underlying various functions such as sleep-wake regulation.
Introduction
The parafacial zone (PZ) is located within the medulla oblongata, lateral and dorsal to the facial nerve [1] . It overlaps with the alpha part of the parvocellular reticular formation (PCRt).
Although significant progress has been made in clarifying the neuronal circuitry regulating behavioral states, including sleep and wakefulness, some fundamental gaps in our knowledge remain, and this is particularly true with respect to the nature and location of the circuitry regulating sleep [2] [3] [4] . GABAergic neurons are usually involved in the generation of brain waves [5] . Sleep-promoting GABAergic neurons in the PZ were first reported in 2012 [1] . Recently, the PZ has been further reported to be involved mainly in slow-wave sleep [6] [7] [8] . But the monosynaptic inputs or axonal projections of the GABAergic neurons in the PZ are still unknown.
Previous studies have revealed afferent projections to the PCRt (which overlaps with the PZ) using horseradish peroxidase and phytohaemagglutinin-L tracing in rats [9] . The PCRt is known to contain large populations of both inhibitory (expressing the vesicular GABA transporter VGAT) and excitatory (expressing the vesicular glutamate transporter VGlut2) craniofacial premotor neurons [10, 11] . Accordingly, Cre-dependent transfection of both VGAT and VGlut2 neurons in the PCRt with the retrograde pseudotyped rabies virus SADDG-GFP (EnvA) [12] results in neuronal labeling in the medial part of the central amygdaloid nucleus (CeA), and this newly-found CeA/ PCRt projection induces ''fictive feeding'' behavior [13] .
An important challenge in understanding the functions of the PZ circuits is the neuronal heterogeneity, so it is crucial to map its inputs and outputs with cell-type specificity. Thus, in the present study, the inputs and outputs of the GABAergic neurons in the PZ were investigated. Most previous studies of the long-range connections of the PCRt were not cell-specific [9, 14] . A recent study of these connections focused on specific regions connected to the PCRt, making it difficult to assess their whole-brain distribution [13] . Recent advances in virus-assisted circuit tracing [15, 16] and high-throughput imaging have greatly facilitated the whole-brain mapping of long-range connectivity in a cell-type-specific manner [17, 18] . In this study, we traced the long-range inputs and outputs of the GABAergic neurons in the PZ. Our quantitative analysis of the whole-brain distributions of inputs and outputs for the GABAergic neurons in the PZ serves as an anatomical blueprint for future studies of interregional pathways mediating the functions of the PZ.
Materials and Methods

Animals
Adult VGAT-Cre mice (2-4 months old) of the C57BL/6J strain and C57BL/6J mice were used in experiments. The VGAT-Cre mice were generated by Jackson Laboratory, Maine, USA. Mice were housed at 23 ± 1°C, 55% ± 5% humidity, and under a 12-h light/dark cycle (starting at 07:00) with food and water ad libitum. Animal experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of Zhejiang University, and were approved by Committee of Laboratory Animal Center of Zhejiang University (ZJU201501501).
Trans-Synaptic Retrograde Tracing
AAV-CAG-DIO-TVA-EGFP, AAV-CAG-DIO-RvG, and EnvA-pseudotyped, glycoprotein (RG)-deleted, and DsRed-expressing rabies virus (RV-EnvA-DG-DsRed, RV) were provided by F. Xu (Wuhan, China). Two Credependent AAVs were generated as helper viruses for retrograde monosynaptic tracing and were microinjected into the unilateral PZ area of VGAT-Cre mice. Two to three weeks later, RV-EnvA-DG-DsRed was injected into the same location.
All AAV vectors were packaged into 2/9 serotypes with tilters estimated at *10 12 genomic copies/mL. The rabies virus was packaged with tilters estimated at *10 8 genomic copies/mL.
Anterograde Axon Tracing
In the axonal projection experiments we used a Credependent AAV reporter construct, AAV-EF1a-DIO-EGFP, from Hanbio, Shanghai, China. All AAV vectors were packaged into 2/9 serotypes with titers estimated at *10 12 genomic copies/mL.
Surgery and Viral Injections
VGAT-Cre mice were anesthetized with sodium pentobarbital (80 mg/kg) and mounted on a stereotaxic frame (Stoelting Corp., Wood Dale, IL). After exposing the skull and drilling a small hole, a glass micropipette was placed above the PZ [antero-posterior (AP), -5.5 mm from bregma; medio-lateral (ML), 1.4 mm; dorso-ventral (DV), -4.5 mm]. Two helper AAVs (AAV-CAG-DIO-TVA-EGFP and AAV-CAG-DIO-RvG mixed at a 1:1 ratio) in 100 nL were first injected into the PZ at 0.01 lL/min using a microsyringe pump controller (WPI, Sarasota, FL). To allow diffusion of the virus, the micropipette was not retracted until 10-15 min after the end of injection. After three weeks, 200 nL RV-EnvA-DG-DsRed was injected into the same site. One week after spread of the rabies virus, the mice were sacrificed to collect brain sections.
Histology and Immunostaining
Mice were deeply anesthetized with sodium pentobarbital and perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline (PBS, pH 7.4). Brains were removed on ice and placed in 4% paraformaldehyde buffer at 4°C for 6-h post-fixation. Then the fixed brains were cryoprotected in 30% sucrose/ PBS (w/v) at 4°C for two days. After that, the whole brain was embedded in optimal cutting temperature compound, and cut into 30-lm coronal sections on a freezing cryostat (Leica CM1950, Nussloch, Germany). The sections were preserved in anti-freeze solution (0.1 mol/L PBS and glycerol mixed at 1:1) at -20°C. For further imaging, the sections were stuck onto gelatin-coated slides, dried for 2-3 h at room temperature, and washed three times for 10 min in 0.01 mol/L PBS. After that, the sections were covered with DAPI for 10 min to stain nuclei, and washed three times. Finally, the stained sections were coverslipped with 90% glycerol.
Imaging and Data Analysis
Images of whole-brain sections were captured using a 109/ 209 objective in an inverted confocal microscope (Olympus FV-1200, Tokyo, Japan). We used this microscope to adjust the brightness and contrast of the images, and then manually defined the outlines of nuclei based on the mouse brain atlas [19] . Also, we manually counted the number of DsRed ? neurons on image projections. Only data from the mice with precise injection sites are shown in the figures and were included in the statistics.
Results
In the present study, VGAT-Cre mice were used to target the PZ GABAergic neurons for virus-mediated circuit tracing.
Monosynaptic Inputs to the PZ GABAergic Neurons Using the Rabies Virus System
To identify the long-range inputs to the PZ GABAergic neurons, we used rabies virus-mediated trans-synaptic retrograde tracing, which has been shown to label monosynaptic inputs to selected starter cells with high specificity [20] [21] [22] [23] . We used the modified rabies virus EnvA-DGDsRed combined with a Cre/loxP gene-expression strategy (Fig. 1A) . First, two Cre-dependent AAVs, AAV-CAG-DIO-TVA-EGFP and AAV-CAG-DIO-RvG, were microinjected unilaterally into the PZ of VGAT-Cre mice. Two to three weeks later, RV-EnvA-DG-DsRed was injected into the same location (Fig. 1B) . After 1 week, starter neurons were characterized by the co-expression of RV-EnvA-DG-DsRed and AAV-CAG-DIO-TVA-EGFP, which was restricted to the PZ, ipsilateral to the injection site (Fig. 1E ). There were also numerous neurons that were DsRed-positive but did not express EGFP in the PZ, demonstrating the presence of direct monosynaptic input from the PZ neurons to the PZ GABAergic neurons (Fig. 1E ). In contrast, we did not detect any DsRedpositive neurons in wild-type mice that were investigated using the same strategy (Fig. 1D ). These results demonstrated the specificity of our strategy.
Input Patterns of PZ GABAergic Neurons
To investigate the monosynaptic input areas to the PZ GABAergic neurons, we used coronal whole-brain sections. In VGAT-Cre mice, we injected 3 viruses into the PZ, and those labeled with DsRed were the monosynaptic inputs to the PZ GABAergic neurons. The DsRed-labeled presynaptic neurons spanned almost the entire brain, including the cortex, hypothalamus, midbrain, pons, and medulla.
To show the whole-brain distribution of DsRed-labeled presynaptic neurons, we selected representative coronal images from the secondary somatosensory cortex (S2), interstitial nucleus of the posterior limb of the anterior commissure (IPAC), parasubthalamic nucleus (PSTh), lateral hypothalamic area (LH), zona incerta (ZI), deep mesencephalic nucleus (DpMe), substantia nigra, pars reticulata (SNR), medial vestibular nucleus, parvocellular part (MVePC), intermediate reticular nucleus (IRt), dorsal paragigantocellular nucleus (DPGi), interposed cerebellar nucleus (Int), spinal vestibular nucleus (SpVe), medial cerebellar fastigial nucleus (Med) and intermediate white layer of the superior colliculus (InWh) (Fig. 2) .
We constructed a list of the whole-brain inputs to the PZ GABAergic neurons based on the number of DsRed-labeled neurons (Fig. 3) , and then normalized the number of labeled neurons in each nucleus by the total number of labeled neurons in each mouse brain. This identified 62 nuclei that contained an average of [0.2% of the total number of DsRed-labeled neurons in the whole brain. The largest number of neurons providing input to the PZ GABAergic neurons was found in the DpMe (6.70% ± 1.90%, n = 3 mice) in the midbrain (Fig. 3) . The pontine reticular nucleus, oral part (PnO) (4.69% ± 0.78%, n = 3 mice) in the pons, and the IRt (5.80% ± 1.12%, n = 3 mice) in the medulla also had strong projections to the PZ GABAergic neurons (Fig. 3) . In summary, this whole-brain mapping of all DsRed-labeled input neurons allowed us to identify specific regions for further research (Figs. 3 and 4) .
Axonal Projection Patterns of PZ GABAergic Neurons
In order to define the output of the PZ GABAergic neurons, we mapped their axonal projections using the Cre-dependent AAV reporter construct AAV-EF1a-DIO-EGFP (Fig. 5A) . This virus was stereotaxically infused into the PZ in VGAT-Cre mice (Fig. 5B ). When they expressed EGFP, the PZ GABAergic neurons and their axons exhibited green fluorescence (Fig. 5C ) and we imaged coronal whole-brain sections to show the distribution of their labeled output areas (Fig. 6 ).
Reciprocal Projections Between the PZ and Other Nuclei
We compared the direct inputs and outputs of PZ GABAergic neurons, and found that some nuclei had strong reciprocal projections with the PZ. Thirty-four nuclei sent projections to and received projections from the PZ GABAergic neurons, such as the LH, ZI, central amygdaloid nucleus, medial division (CeM), and the bed nucleus of the stria terminalis (BST) ( Table 1) . These results showed that most of the nuclei that sent projections to the PZ also received projections from the PZ GABAergic neurons, indicating the presence of feedback control to regulate specific functions.
Previously Unreported Inputs and Outputs of the PZ
Previous studies have revealed the afferent and efferent projections of the PCRt (which overlaps with the PZ according to the brain atlas) using HRP and PHA-L tracing in rats [9, 14] . So we compared our results with the literature and listed the newly-found inputs and outputs of the PZ for brevity.
Compared with previous studies [9] , the inputs to both PZ GABAergic neurons (mice) and the PCRt (rats), inputs to the PCRt (rats) but not to the PZ GABAergic neurons (mice), and inputs to the PZ GABAergic neurons (mice) but not to the PCRt (rats) are listed in Table 2 .
The nuclei receiving newly-found projections from the PZ compared with the literature [14] were dorsal tenia tecta, septohippocampal nucleus, semilunar nucleus, accumbens nucleus (core), accumbens nucleus (shell), dorsal endopiriform nucleus, claustrum, lateral orbital cortex, BST, ventral pallidum, lateral preoptic area, nucleus of the horizontal limb of the diagonal band, magnocellular preoptic nucleus, medial preoptic area, median preoptic nucleus, vascular organ of the lamina terminalis, ventromedial preoptic nucleus, medial septal nucleus, anteroventral periventricular nucleus, internal capsule, lateral globus pallidus, anterior commissural nucleus, substantia innominata, medial preoptic nucleus, IPAC, paraventricular thalamic nucleus (anterior part), mediodorsal thalamic nucleus, paraventricular hypothalamic nucleus (lateral magnocellular part), paraventricular hypothalamic nucleus (medial magnocellular part), LH, CeA, nucleus of the lateral olfactory tract, reticular thalamic nucleus, ZI, rhomboid thalamic nucleus, reuniens thalamic nucleus, supraoptic nucleus, ventrolateral thalamic nucleus, parafascicular thalamic nucleus, 
Discussion
Using virus-mediated circuit mapping, we have characterized the whole-brain distribution of long-range PZ connections. Our experiments confirm many previouslydemonstrated connections of the PCRt, which overlaps with the PZ [9, 14] , but with cell-type specificity and quantitative analyses at multiple spatial scales. Furthermore, we found many new inputs and outputs of the PZ compared with those of the PCRt. These differences from the literature are probably due to our tracing method, which readily detects convincing synaptic contacts between nuclei with cell-type specificity, and the injection sites. However, to study the outputs of a nucleus, more sophisticated methods such as trans-synaptic virus tracing are still needed [24] .
In the present study, we identified features of the connections between the PZ and other nuclei. First, the DsRed-labeled presynaptic neurons spanned almost the entire brain, but the main inputs to the GABAergic neurons in the PZ were from the brain stem. Second, the connections to the GABAergic neurons in the PZ were Axons exhibiting green fluorescence were traced by the virus (right). Scale bar, 100 lm. PZ, parafacial zone; 7n, facial nerve or its root. strongly ipsilateral, with few contralateral projections. Third, the connections to the GABAergic neurons in the PZ were strongly reciprocal. These results reveal the longrange wiring diagram of PZ circuits with highly divergent inputs and outputs.
The PCRt has been implicated in a variety of functions such as metabolic homeostasis, suckling behavior, motor activities of the oral and forelimb body segments, and the sleep-wake mechanism [14, [25] [26] [27] . It has been reported that the glutamatergic projection from the PCRt to the motor trigeminal nucleus (Mo5) induces jaw-closer atonia during rapid eye-movement (REM) sleep [28] . The pontine sublateraldorsal nucleus sends projections to GABA/ glycine neurons in the ventral gigantocellular nucleus and PCRt that show c-fos activity 90 min after a REM sleeplike state [29] . In the present study, afferents to the PZ such as M1 and M2 may reflect on inputs to the PCRt for regulation of the cranial motor system.
Although there is overlap between the PZ and the PCRt (especially the alpha part), the PZ has recently been reported to be one of several GABAergic sleep-promoting nuclei, also located in the ventrolateral preoptic area of the hypothalamus and in a compartment within the lateral hypothalamus [7, 8] . Genetic disruption of GABAergic/ glycinergic transmission from the PZ in mice results in large and sustained increases in wakefulness [1] . Fig. 6 Representative coronal sections of PZ GABAergic neurons projecting to selected brain regions. Green, axon projections stained with EGFP; blue, nuclei stained with DAPI. Scale bar, 1 mm. BST, bed nucleus of the stria terminalis; CeA, central amygdaloid nucleus; Dk, nucleus of Darkschewitsch; DMTg, dorsomedial tegmental area; DpMe, deep mesencephalic nucleus; DR, dorsal raphe nucleus; DTT, dorsal tenia tecta; InC, interstitial nucleus of Cajal; LH, lateral hypothalamic area; LPB, lateral parabrachial nucleus; MnPO, median preoptic nucleus; MPB, medial parabrachial nucleus; mRt, mesencephalic reticular formation; MVePC, medial vestibular nucleus, parvocellular part; PCRtA, alpha part of the parvocellular reticular formation; PF, parafascicular thalamic nucleus; PnO, pontine reticular nucleus, oral part; PR, prerubral field; PSTh, parasubthalamic nucleus; SI, substantia innominata; VMPO, ventromedial preoptic nucleus; VPM, ventral posteromedial thalamic nucleus; VTA, ventral tegmental area; ZI, zona incerta. Brain regions were identified based on the mouse brain atlas [19] .
In the newly-found brain areas which input to PZ GABAergic neurons, the DpMe, cortex (M2), and VLPAG may participate in the regulation of slow-wave sleep (SWS) [30] [31] [32] [33] . It has been reported that Fos expression in cortical neuronal nitric oxide synthase (nNOS) neurons correlates with the amounts of NREM sleep and slow-wave activity during NREM sleep [31, 33] . Optogenetic or pharmacogenetic activation of GABAergic neurons in the VLPAG or the adjacent DpMe substantially increases NREM sleep [30, 32] .
Among the newly-found outputs, the MnPO is probably involved in SWS regulation, because single-unit recordings and analysis of Fos expression showed that NREM sleepactive neurons are concentrated in the MnPO [34, 35] . In vivo application of an adenosine A 2A receptor agonist increases NREM sleep and enhances c-Fos expression in the MnPO [36] .
In addition, in the nuclei that connect to PZ GABAergic neurons, BF [37] and BG [38] also regulate NREM sleep. DR dopamine neurons [39] , VTA [40] and LH [41] have been reported to regulate wakefulness.
But the functional connections of these sleep-regulating nuclei with GABAergic neurons located in PZ still need further studies.
Based on the neuronal circuits revealed by this tracing method, new functions have also been found [13] . Our quantitative analysis of the whole-brain distributions of inputs and outputs of the GABAergic neurons in the PZ can Table 2 Inputs to the PZ found in our study compared with the literature [9] .
Inputs to both the PCRt (rats) and the PZ GABAergic neurons (mice) serve as an anatomical blueprint for future studies of the inter-regional pathways mediating the functions of the PZ.
